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ABSTRACT 
This  study is directed  toward a better  understanding of the occurrence and forecasting of thunderstorms as an 

element of general  weather  patterns or sequences of patterns.  The  principal  area  studied is the  Central  United 
States. Following a review of the  literature,  the climatology of thunderstorms is examined. Then,  from  an  analysis 
of many  thunderstorm  situations,  the  typical  features  and  important  synoptic  patterns of areas of thunderstorm 
activity  and  their  movement  and life cycle are described.  Finally  some of the  parameters  suggested  by  the  study  are 
incorporated into a systematic  technique  to  aid  in  the  preparation of forecasts of thunderstorms  during a 24-hour 
period at Chicago. The procedure is based  upon 850-mb. chart  types,  previous occurrence of thunderstorms,  and 
moisture  and  stability. A test on independent  data gives  good  results. 
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INTRODUCTION 

The forecasting of thunderstorms has been named by 
many forecasters as  an unusually difficult problem deserv- 
ing of some special research attention. About 100 persons 
have  lost  their lives in airplane accidents in thunderstorms 
in  the Midwest within the  last few years. Attempts at 
forecast improvements  are justified by widespread interest 
in this difficult problem and  by possible savings of lives 
and of property that  may be realized through the proper 
use of good thunderstorm forecasts. 

Despite the need for improved techniques, relatively 
few  specific thunderstorm forecast relationships have been 
enunciated, aside from the classical thermodynamic 
analyses. Willett [l] discussed two basic factors that 
have become widely used. The first factor is the  depth 
of moist air. While experiences in certain areas have 
dictated some qualifications of the original rule of a 3% km. 
depth of moist air for the development of thunderstorm 
activity,  the general usefulness of the concept remains. 
The second factor discussed by Willett is the cold front 
aloft which has also been discussed by Holzman [2] and 
Lichtblau [3]. 

Namias [4 and 51 has emphasized the usefulness of moist 
tongues (in isentropic analysis) and their anticyclonic 
trajectories  as  related to thunderstorm occurrence. A 
discussion of this  type of phenomenon as referred to con- 
stant-pressure or constant-level charts is also included 
later in  this paper. Conversely, the presence or influx of 
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dry tongues aloft is considered as a deterrent to  the 
development of cumulonimbus clouds [6 ] .  

Studies of the movement of individual  thunderstorms 
that  have been conducted by  the Thunderstorm  Project 
[7] have  outdated much previous work and supplied new 
knowledge on the descriptive phases of the problem at least 
for the Ohio and  Florida areas. 

The accepted point of view will be followed in  this  paper 
that  thunderstorms  are the result of the release of atmo- 
spheric latent thermal  instability  and  that  thunder  and 
lightning which accompany these  storms  result  from 
processes associated with convection and/or condensation. 

The scope of the work undertaken  and  reported  in  this 
paper does not include many  interesting phases of the 
problem such as the dynamics and thermodynamics of 
convective  cells, condensation and  precipitation processes, 
turbulence studies, electrical phenomena, etc. Such 
phases are  fundamental but solutions to most of them  are 
dependent upon  detailed observations, analysis and 
synthesis of data concerning the microstructure of thunder- 
storms. Therefore this  study is restricted largely to 
synoptic data such as  are  ordinarily  available at  weather 
stations  and is directed toward a better understanding of 
the occurrence and forecasting of thunderstorms  as an 
element of general weather patterns or sequences of 
patterns. The principal area  studied is the Central 
United States. 

Following a detailed examination of the literature, the 
FIGURE 2.”June to July change in total number of thunderstorm days, 190443. 

FIQWRE l.-May to  June change in total number of thunderstorm days, 190443. FIQUBE 3.--July to August change in total  number of thunderstorm days, 1904-43. 
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general approach of this  study was to examine first the 
climatology of thunderstorms,  then case studies of 
thunderstorm occurrences at individual stations, followed 
by case studies of areas of thunderstorm  activity.  This 
phase  was concluded with an  attempt  to analyze some of 
the typical features of pre-trough thunderstorm  situations. 
Finally, a preliminary effort was made to incorporate 
some of the  parameters  tested  in  this  paper  into  a tech- 
nique for forecasting thunderstorms at  Chicago. 

BROADSCALE PATTERN 
ASSOCIATlON OF MONTHLY  TRENDS OF THUNDERSTORM  DAYS  WITH  WEATHER 

CHART  PATTERNS 

Monthly  trends of thunderstorm days.-An examination 
of monthly  thunderstorm frequencies for the  Central 
Plains States provides an interesting  feature which to 
many meteorologists is unexpected. A summary of 
monthly thunderstorm frequencies in the early part of the 
last decade suggested a  sharp decrease in  thunderstorm 
activity at  Oklahoma City in July  as compared with June 
and an increase again from July  to August. This con- 
trasts with a general tendency toward a July maximum of 
thunderstorm activity over most of the United States. 

Since a 3- to 5-year summary  may not be long enough to 
represent a  true  mean condition, Alexander’s data [8] for a 
30-year  period  were examined. Later more complete data 
for a 40-year period were obtained from Hyclrometeoro- 
logical Report No. 5 [9]. Data from both sources also 
showed a July decrease in  thunderstorm  activity  in an area 
surrounding Oklahoma City. 

Complete charts (figs. 1, 2 ,  and  3) were then prepared 
from Hydrometeorological data depicting monthly changes 
in the total  number of thunderstorm days. These charts 
show not only the  July decrease in thunderstorm  activity 
in the Central Plains region but also an August increase in 
about the same section while decreases from July  to 
August in other sections tend  to prevail. 

These variations  stimulated  inquiry as  to  the factors 
that might be related  to the monthly  variations  and  thus 
perhaps also to  the occurrence of individual thunderstorms 
in that area. The importance of the position of the high- 
level anticyclonic cell as  related  to rainfall anomalies was 
developed by Reed [lo and 111 and  by Wexler and  Namias 
[12]. Northward movement of the 700-mb. anticyclone 
from May  to  June and from June  to  July is consistent wit’h 
the decrease in thunderstorm  activity  in June and  July, 
but this factor does not  appear to be consistent with the 
increase from July  to August in  the  Central  Plains region. 
Correlations by  Smith [13] between precipitation and the 
curvature of surface and 3-km. isobars from 5-day mean 
charts  were statistically highly signscant for the  Plains 
States, and  the  Northeastern  States,  as well as several 
other regions not touched upon in  this  study. 

More recently Klein and Winston 1141 have  related 1947 
Iowa summer rainfall to 700-mb. heights and  contour 
curvature on  monthly mean charts. 

Relation of monthly  thunderstorm  trends to isobar-isotherm 
patterns.-For the present study  charts which  were  pre- 
pared for the central  area between the Appalachians and 
the Rockies, from several years’ upper-air data, depicting 
the geographical distributions of lapse rate  and moisture 
for various months,  gave no positive results. The mean 
lapse rate  at Oklahoma City (1,500 m. to 6,000 m.) was 
actually slightly greater in July  than in either June or 
August. Mixing ratios remained nearly  constant from 
June to July,  but increased in August. 

One  specific factor that appears to be  related  to the 
monthly  thunderstorm  variation is the cross product of 
the pressure gradient  and the  temperature gradient 
(VTXVp) as determined from mean 2,000-m. charts 
for the period 193944 (figs.  4-7). The cross product of 
these two terms is approximately proportional to the 
geostrophic advective term. The convenient term “cross 
patt,ern” will be used throughout  this  paper to designate 
an area on a chart where the cross product is in the sense 
of warm geostrophic advection. The 2,000-m.  level  was 
used as  a compromise. It is probably too low for best 
representation of the cross pattern over the Western 
Plains  and too high over the Mississippi Valley. 

Measurements were made graphically of the degree of 
cross pattern  by comparing a “standard” size  cell with 
the  actual size of cells  enclosed by crossing pressure and 
temperature lines when the flow corresponding to  the 
isobar patterns was directed from warm toward cold 
areas. The  “standard” size  cell represented a geostrophic 
advective rate of about 0.8X10-5 “C. sec. a t  40” Lat. 
After evaluation of the degree of cross pattern on the 
monthly  mean maps, changes from month  to  month were 
prepared (figs.  8-10>. 

Comparisons were then  made between these changes 
of monthly  mean cross patterns  and changes of the number 
of t’hunderstorm days (figs.  11-13) for the same period 

A marked increase in  the degree of cross pattern from 
month  to  month  within a given area was usually directly 
related  to a greater increase, or a smaller decrease, in the 
number of thunderstorm  days from the first month  to  the 
next  as compared with surrounding  areas  in  the  Central 
United States.  A marked decrease in  the number of  cells 
was consistent with a corresponding decrease in thunder- 
storm days or a smaller increase than in surrounding areas. 

(1939-44). 

TABLE I.-Comparison of monthly  changes in number of thunder- 
storm days with  changes in cross pattern,  Oklahoma  City, June, 
J u l y ,  Augu.9tl 1945-47 

I derstorm  days 
Number of thun- 

”_ I 

Change in moss 
pattern 

Decrease. 
Little change. 

Demease. 
Slight increase. 

Decrease. 
Decrease. 
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F ~ ~ I J B E  4.-Mean 2000m.  chart for May 1838-44. Dashed linea are isotherms ("o.), 
solid lines are isobars (mb.). 

FIGURE &-Mean 2000-m.  chart for July 193444. Dashed lines are  isotherms ('O.), 
solid lines are  isobars (mb.). 

F I Q ~ E  5.-Mm 2ooo-m.  chart fol June 1939-44. Dashed lines"8re isotherms ('04, 
solid lines are isobars (mb.). 

FIGURE ?'.--Mean 2000-m.  Ch81t for August 1939-44. Dashed lines ale isotherms ("O.), 
solid lines are isobars (mb.). 
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FIQWE &-May to June  change in mean monthly moss pattern, 2OOO-m. level, 1939-44. 

mately 0.8X10-b O C .  see.-1 at 4Go Lat. 
The nntt degree of cross  pattern is equivalent to a geostrophic advective ra te of approxi- 

FIGITRE 10.-July to Augmt change in mean monthly moss pattern, 200 m. level. 1w414. 

mately 0.8X10-8 'C. see. -1 et 40' Lst. 
The unit degree of cross pattern is equivalent to a geostrophic advective rate of approxi- 

~ Q U B E  O.-June to July change in mean monthly cross pattern,  2000-m. level, 1939-44. 

mately 0.8X10-8 OC. 8ec . - I  at 40° Lst. 
The unit degree of cross  pattern is equivalent to a  geostrophic advective rate of approxi- 

A  qualitative check of the association of monthly mean 
850-mb.  cross pattern (from Monthly  Weather Review 
Charts) with the number of thunderstorm  days was made 
using independent data, at Oklahoma City for the years 
1945 through 1947. These data were  especially interest- 
ing because the August increase in  number of thunder- 
storm  days was not found for these years. The cross- 
pattern trend was evaluated before the thunderstorm 
trend was  examined. Results are given in table 1. 

ASSOCIATION OF DIURNAL TRENDS OF THUNDERSTORM ACI'IVITY WITH 
WEATHER CHART  PAlTERNS 

Diurnal trends of thunderstorm  activity.-From the longer- 
term  trends we now turn  to  shorter diurnal  trends in 
thunderstorm occurrences. 

In  recent  years the 24-hour operation of air transport 
together  with the hourly collection of observational data 
have called particular attention  to  the relatively large 
number of nocturnal  thunderstorms occurring in some 
sections, especially in the Middle West. 

The geographical distribution of the  hour of maximum 
occurrence of thunderstorms for July is given by Means 
[15]. An interesting progression north-northwestward 
from the Gulf of Mexico occurs starting with the  hour of 
maximum occurrence before noon just inland from the 
Gulf coast. Farther inland an afternoon maximum is 
encountered while a little  farther, in Oklahoma, Kansas, 
and Nebraska, as well as  areas just  to  the east of this 
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FIawE 11.-May to June change in the total  number of thunderstorm days, 193944. 

FrooHE 12.-June to July change in the total  number of thunderstorm dnys, 193944. 

section nocturnal occurrence predominates. In North 
Dakota  the maximum occurs in early morning. 

The  diurnal  distribution of thunderstorm frequency is 
illustrated  in  detail in the Hydrometeorological Report 
KO. 5 [9]. 

Diurnal comparisons of cross  patterns.-A study was made 
of the number of ''cells"  enclosed by contour lines drawn 
for 100-ft. intervals of height and isotherms for 2.5' C. 
intervals a t  the 850-mb.,  700-mb., and 500-mb. surfaces 
in  the  North  Central  States (see  fig. 14) for the months 
of July  and August 1945. Diurnal  variations of total 
numbers of cross patterns for the area  studied are given 
in table 2. 

Statistically significant diurnal  variations were found 
for the 850- and 700-mb. levels using pairs of totals for 
each day at  the 1000 CST  and 2200 CST periods and 
testing the hypothesis that no difference exists in the 

TABLE 2.-Diurnal  comparison of cross patterns at S levels, Nozth 
Central  States, July   and  August  1946 

1000 CST 22w CST I- , I 

FIGURE 13,"July to  August  change in the total  number of thunderstorm days, 1936.14. 
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means of the  total number of cells a t  the two periods. 
At the 2200 CST period, 67 percent of the  total number 
of cells counted on the 850-mb. charts were of the warm 
to  cold variety, while a t  1000 CST only 58 percent were 
of that type. 

Areas covered by cross pattern on  850-mb. charts 
within the area selected for study, were  also measured 
from August 1945 charts. Thus  the  amount of cross 
pattern a t  any given period  could be compared with the 
remainder of the  total  area  studied (fig. 14). The num- 
ber of thunderstorms  reported in hourly teletype sequences 
in the cross-pattern areas  and in non-cross-pattern areas 
were counted separately for 12-hourly periods following 
both the 2200 CST  and 1000 CST periods. The results 
are given in  table 3. 

TABLE 3.-Diurnal  comparison of areas of cross  pattern  and non- 
cross pattern  at 850 mb.  and  number of thunderstorm  reports, 
North  Central  States,  August 1945 

I 2200 CST I 1000 CST 
” 1 I 
Total units of area  covered by cross pattern a t  850 mb.  (One 

unit is approximately 10,ooO square miles) ______..____...... 
Units of area not covered by cross pattern  at 850 mb ._..._...._ 
Number of thunderstorm reports during  subsequent 12 hours 

at hourly  reporting stations  within  the portions of the area 
that were  covered by cross pattern on the last 850-mb. chart 

Number of thunderstorm reports during  subsequent 12 hours 
within the portion of the area that was not covered by cross 
pattern on the last 850-mb. chart __.....____________________ 

934 
968 

675 

98 

1, 142 

465 

760 

126 

A larger proportion of the area was covered by cross 
patterns at  the 2200 CST period than at  the 1000 CST 
period. Although less than one-half of the  total  area was 
covered by cross pattern, more than 80 percent of the 
thunderstorm reports were given by  stations within cross- 
pattern areas. Also a larger proportion of thunderstorm 
reports associated with cross patterns was found for the 
2230 CST  to 0930 CST period than for the 1030 CST to 
2130 CST period. This suggests a  diurnal  variation  with 
other types such as afternoon local thunderstorms, 
accounting  for more of the  activity  during  the 1030 CST 
to  2130 CST period. 

A more complete description of this  diurnal tendency 
is given in figure  15. Here  the greatestassociationisfound 
for the period just following 2230 CST  and  the  least for 
the noon and afternoon periods. However, not less than 
70 percent of the afternoon thunderstorms occurred in 
cross-pattern areas. 

Tests of significance of group comparisons of the pooled 
data gave highly significant “Student”  statistic values 
with the 2230 CST  to 0930 CST period having a “t” 
value of 4.0 and the 1030 CST  to 2130 CST period, 3.1. 
The null hypothesis that  the difference  between the popu- 
lation means of the two groups of thunderstorms, those 
associated with,  and those not associated with cross 
patterns, is zero, is rejected for both periods. 

DEVELOPMENT OF AREAS OF THUNDERSTORM 
ACTIVITY 

In  the careful analyses of many  thunderstorm  situations 
new concepts were derived concerning the actual four- 
dimensional spoptic weather  picture  and emphases  on 

”- 

_” 

“- 

:m ... 

0 0 0 0 0 0 0 0 0 0 0 0  
n f i n n m n ~ n m n n f i  

~ b 0 -  “ L O k 2 c u  

HOUR OF DAY (E.S.T.) 

rr) 
c u o ~ o o o  

FIGURE 14,”Area of special study is enclosed by  hmvy line. 
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more familiar concepts were shifted. One important 
shift in emphasis due  to  the classification and  enumeration 
of individual thunderstorm cases, is the relatively  large 
amount of thunderstorm  activity that was found to be 
of a pre-trough variety  as compared with cold-front 
thunderstorm occurrences. For example, at Chicago 
during 1943 not a single thunderstorm was classified as 
having occurred directly  with  a cold front passage [ 161. 
Certainly a meteorologist will not be surprised that 
thunderstorms occur ahead of troughs in  the central 
United States, but he  may well be impressed with the 
great  proportion of the  total  activity  that is of this  type. 

In the following paragraphs an  attempt is made to give 
a description of many of the features that appear to be 
more important  in  the occurrence of a pre-trough thunder- 
storm situation  in  the  central  United  States. 

CROSS PAERNS 

The association of thunderstorm  activity  with cross 
pattern (or, approximately, the geostrophic advective 
component) is interpreted as representing not one but 
several  processes that contribute  to  the production and 
release of latent thermal  instability.  Whether the insta- 
bility is actually produced and released within  a given 
period of time depends not only upon the  rate of change 
with time of stability  and  moisture  but also upon the 
initial state. A very dry and  stable condition may 
require the addition of moisture and  the contributions of 
instability  contributing processes over some extended 
period of time  in order to produce and release latent 
instability. Therefore, thunderstorms do not necessarily 
occur over the  entire  area covered by  the cross pattern 
and changes in an area of cross pattern  are  not necessarily 
immediately reflected in similar changes in the area of 
thunderstorm  activity. 

Frequently a lag of the order of magnitude of 3 to 9 
hours exists between the disappearance of the cross pattern 
in  a given area where thunderstorms are occurring and 
disappearance of thunderstorm activity;  and, likewise, 
lags are observed in the appearance of an area of cross 
pattern  and  the  appearance of an area of thunderstorms. 
Therefore, one may find thunderstorms being maintained 
several hours in an area where a cross pattern  has moved 
away or has been destroyed; and thunderstorms  may not 
form immediately, but a number of hours  after the appear- 
ance of a cross pattern  in a given area. 

Of course, the 850-mb. surface does not always ade- 
quately repregent the occurrence of cross patterns  in  the 
lower .layers of the atmosphere. By analysis of winds 
aloft, using hodographs or by simply checking winds as 
plotted on the winds-aloft chart, one sometimes arrives 
at a more detailed representation of the  structure of the 
atmosphere. Clockwise turning of the wind with  height 

1 The term “pmrough thundcrstorms” as used  in  this paper includes occnrrencas 
ahead of wsrm fronts, in warm sectors,  and  ahead of elongated  cold  fronts  where a warm 
motor may be well  to the north or not  well-defined. 

is usually consistent with warm-to-cold cross patterns; 
and counterclockwise turning,  with cold-to-warm cross 
patterns. In  regions of higher surface elevation, at North 
Platte for example, the 850-mb. chart may show  no im- 
portant cross pattern while the winds aloft just above 
5,000 feet do reveal important  patterns. Also in the 
Mississippi Valley the 850-mb. chart  may show little 
pattern while minor cross patterns  may develop in the 
winds below the 5,000-foot  level and be associated with 
local development of high stratocumulus, altocumulus, or 
altostratus-altocumulus-type clouds and possibly showers 
and thunderstorm  activity. 

Not only does experience suggest that thunderstorms 
and cross patterns  are  related,  but several theoretical 
concepts link the development of atmospheric instability 
to cross patterns. 

Frontal and isentropic  convergence.-Frontal and isen- 
tropic convergence are, a t  times, consistent with the 
occurrence of cross patterns. However, the use of  isen- 
tropic  charts in diagnosing such “upslope” patterns has 
the disadvantage that, very  frequently, an isentropic 
surface that is selected so that it does not intersect the 
ground over a large area, may extend so high in other 
areas that  the flow depicted is more in phase with the 
contours so that  the low-level cross patterns  are not 
revealed [5]. 

One of the contributions intended in this  paper is  to 
point out levels a t  which these cross patterns appear to 
be more significant for the thunderstorm occurrence. 

Differential  advection.-Theory also suggests that differ- 
ential  advection  may, at times, be related to cross pat- 
terns. But  if the  pattern at only one level is to be related 
to differential advection, the assumption must be made 
that less advection of warmer air or some advection of 
colder air usually occurs at higher levels. 

This  assumption is supported by tests. Data given in 
table 2 were stratified according to whether some warm 
advection was indicated at the 850-mb. level within the 
area concerned. Results  are given in table 4. 

For cases with warm advection a t  the 850-mb.  level in 
some part of the  area studied (fig. 14) both warm adveo- 
tion as implied by  the cross patterns and any associated 
cold advection (in different parts of the  area) usually 

T A B L ~  4.-Comparison of CTOSS patterns at 3 levels, North Central 
States, July and August 1946, including  data for both 1000 CST 
and 2200 CST. 

I I 

Cases with warm All c B ~  
advection at the 

850-mh. level 
Constant pressure surfam 
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decreased with height. Of 77 warm-advection cases in a 
total of 124  cases, in  not more than 5 was there a t  least one 
cold-to-warm cell aloft a t  700 mb. or 500 mb.  directly over 
warm-to-cold  cells a t  the 850-mb. level. In  not more than 
6 of the 77 cases was there  approximately as much, or 
more, warm advection indicated a t  the 700-mb. level as 
directly below a t  the 850-mb. level and in no case as much 
at the 500-mb. level as at  the lower levels. 

Important exceptions occurred, however. For example, 
scattered showers and widely scattered  thunderstorm 
activity persisted during the evening of July 5, and on 
July 6, 1945, in  an  area of northerly flow at the surface in 
eastern  Minnesota, Wisconsin, Michigan, and northern 
Illinois where the 2200 CST upper-air charts  had indi- 
cated increasing cold advection  with increasing height  to 
at least 500 mb.  Here,  both the excess  cold advection 
aloft and warming of the relatively cool air  by passage 
over warmer ground contributed to  the maintenance of 
convection during  both  night and day. 

An interesting balance is found in  the  totals in table 4. 
The excess number of warm-to-cold  cells a t  850 mb. for all 
cases is nearly balanced by  an excess of cold-to-warm  cells 
at 500 mh Also the number of the two types of cells is 
nearly equal for the 700-mb. level. Of course, the balance 
is not known to  be required by  any a priori reason at  these 
particular levels. 

The  data suggest that excess heat advected in the lower 
layers into  the  area studied may be lost  through  various 
processes  so that  the lower levels become a heat “sink,” 
while at 500 mb.  a  heat “source” must be present  to bal- 
ance the excess advection of colder air.  This heat source 
and heat sink  arrangement in  the vertical is consistent 
with loss of heat from the lower layers to  the upper by 
vertical transport of air  in various weather processes and 
possibly by differences in  heat loss through radiation at 
the two levels. Evaporation  with  the  absorption of 
latent  heat  in  the lower layers and condensation with the 
release of latent  heat a t  higher levels are also consistent. 

Studies of differential advection on weather  charts  for 
two summers brought a recognition of certain  character- 
istic isotherm displacements ahead of troughs at the 850- 
mb. and 700-mb. levels. Examples are given in figures 
16 and 17. 

While these typical differential displacements ahead of 
troughs may not be quantitatively consistent with advec- 
tion due  to modifying factors,  they are qualitatively con- 
sistent  with  their corresponding cross patterns. 

Low-level, strong, narrow air  streams or jets  are asso- 
ciated with the pre-trough warm tongue. A more detailed 
discussion of these factors will be given later in  this 
report. For the present discussion the  important  feature 
of such jets is that  the center of the  jet is frequently 
found between 2,000 and 8,000 feet msl,  which tends  to 
give more localized and  greater displacements of isotherms 
at  lower  levels until the air mass becomes unstable. 

The turning of the wind with  height also seems to fit 

230888-53-2 

into these comparative displacements and seems to play 
a part  in moving the 850-mb. or 5,000-foot isotherms 
farther primarily  in the  area  to  the west or northwest of 
the  area aloft where the 700-mb. or 10,000-foot isotherms 
receive their  greatest displacement. Subsidence and 
dynamic warming probably are  not entirely unrelated to 
the warming at the 700-mb. level that is observed over 
the zone of increasing anticyclonic shear downstream to 
the east or southeast of the low-level narrow air  stream. 

Thunderstorm activity seems to be damped under the 
warm “lid” aloft a t  700 mb. in areas where the  greatest 
advance of isotherms at  that level has occurred. This is 
illustrated in  the April 1943 case (fig. 17) as well as  the 
August 1945 isotherm movement  illustrated  in figure 16. 
A similar pattern of thunderstorm occurrence was found 
in  the April situation. 

Turbulence and  associated  convergence.-Cross patterns 
are associated not only with upslope convergence and 
differential advection but also with  strong vertical wind 

FIGUBE 16.-Characteristic  isotherm  displacement  ahead of troughs at 860-mb. and 
700-mb. levels,  August 12-13,  1945. 

5000”” L 

FIGWE 17.-Charscteristlc  isotherm  displacement  ahead of troughs at Bw-mb. and 
700-mb. levels.  loo0 to z1M) CST, April  10,1943. 
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shears. Factors related to  the wind shears  and  to changes 
in wind shears may be effective in  contributing  to  greater 
eddy conductivity  or  vertical  transport and mixing of 
moist air from  lower to higher levels and of potentially 
warmer air from higher to lower levels even though the 
lapse rate is not  quite  adiabatic. 

Examination of a large  number of soundings taken a t  
the time of or  just prior  to the development of thunder- 
storm activity usually revealed a  lapse rate which is  not 
quite equal to the  dry  adiabatic  in  the lower or middle 
portions of the sounding below the clouds. This was 
found even when the lapse rate of virtual  temperature 
was plotted . 

In spite of less than  adiabatic lapse rates,  the  moisture 
distributions in such layers  frequently suggest rather 
thorough mixing, with  about  the same mixing ratio 
throughout. 

Some aspects of this problem were  considered by Mollwo 
[17]. He studied the problem of estimating the wind 
component normal to  the isobars due  to  eddy viscosity 

FIGURE 18.-Thunderstorms ss associated with areas of convergence  and  divergence 
computed from cross-isobar wind components at 2200 CST, August 7, 1944.-See 
MoUwo 1171. 
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FIQURE 19.-Eteep  slope of 850-mb. constant  pressure  surface immediately southeast of 
warm tongue, 2200 CST, August 4,1945. 

and wind shear above the gradient-wind level.  Taking 
a simple case, he assumed that  the vertical variation of 
the gradient wind is due to  horizontal temperature 
gradients.  His derived equation  relates rate of change 
of wind shear  with  height (which is proportional to the 
cross-isobar  wind component) to change of temperature 
gradient with height. 

From  certain  mean data, Mollwo arrived at  computed 
cross-isobar wind velocities of the order of magnitude of 
1 to 2 cm. sec.” and pointed out their importance in large 
scale horizontal divergence and convergence. From 
individual midwestern situations (for example, Oklahoma 
City  to Dodge City on August 28,  1945, 2200 CST data) 
the  author  has computed much larger values-of the order 
of magnitude of  50 cm. sec.”. 

These values were computed using the same value of 
the coefficient of eddy  transfer that was  used by Mollwo, 
100 gm. cm. -l sec.”. The value of this coefficient  may, of 
course, be less or actually may become much larger in 
certain  situations  with especially steep  lapse  rates and 
strong wind shears similar to those experienced in pre- 
trough  thunderstorm  situations. 

Cross-isobar wind components of this order of  magni- 
tude  may provide important  contributions, through 
horizontal divergence or convergence, not  only  to pres- 
sure  variations but also to convergent depth of moist 
currents. This  important phenomenon could be espe- 
cially important in southerly  jets just  east of the Rockies 
where large changes in  temperature  gradients  with height 
are found. A similar but more general relationship was 
derived by  Starr [ H I .  

Charts were prepared from data for August 1944, which 
provided a basis for graphical estimation of this type of 
convergence over the central United States. Tempera- 
ture  data for the 5,000- and 20,000-foot levels  were used. 
Then  an  attempt was made  to  relate those map patterns 
to  the occurrence of thunderstorm  activity. An  example 
of the  patterns of convergence and divergence as computed 
is given for August 7, 1944,  2200 CST, together with 
thunderstorm  and lightning reports  as  taken  from the 
hourly sequences (fig.  18).  Areas of thunderstorm activity 
usually were found within the areas of implied  convergence. 

The  data  are consistent with the concept of cross-isobar 
flow and convergence or divergence, being related to  the 
computed rate of change of temperature  gradient or wind 
shear  with height. 

Since cross patterns at  the 5,000-foot or 850-mb. level 
are usually related  to wind shears that seldom are uniform 
with  height, some relationship between areas of  cross 
patterns  and zones of turbulence convergence might be 
expected, and,  in  fact, is found. 

Billow-type clouds might be expected in zones of strong 
and variable wind shear where eddy transfer is contributing 
to considerable transport of moisture from lower to higher 
levels. Altostratus-altocumulus cloud decks are  the most 
frequent cloud  predecessors of pre-trough thunderstorm 
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activity. Bases of such cloud decks are usually extremely 
well-defined as  the typical Midwest thunderstorm  situa- 
tion develops, suggesting considerable vertical motion of a 
general or widespread type, since the cloud decks are 
usually overcast and  not scattered to broken as  with simple 
convection  cells. 

Cross patterns, therefore, must be consistent with  and 
indicative of the occurrence of this  type of convergence as 
well as upslope  convergence and differential advection. 

Cross patterns and pressure  changes.-1nterest.ing  correla- 
tions have been observed between 12-hour pressure 
changes a t  sea level and the occurrence of cross patterns. 
The  two factors  are  interrelated. An isallobaric wave 
aloft moving into  the  Central United States from the west 
or northwest may  contribute  to the development of an 
out-of-phase isobar-isotherm relationship in  the lower 
layers as  the wave reacts  with the persistent summer 
configurations of the temperature field. Valuable infor- 
mation for forecasting the movement of cross patterns can 
frequently be gained by making use of movements of 
12-hour isallobaric patterns for extrapolating wave  dis- 
placements.  On the  other  hand, minor 12-hour pressure 
falls a t  sea level have been observed to remain closely 
associatedwithcrosspatternsonthe850-mb.charts. Minor 
trough developments and frontogenesis such as occur 
with localized pre-trough pressure falls frequently  may 
be associated with locally pronounced cross patterns a t  
the 850-mb. level. 

VELOCITY DISTRIBUTION 

Namow air streams (jets) .-Frequently the greatest 
values of VTXVp on the 850-mb. chart  are found in the 
vicinity of the narrow southerly  or southwesterly air 
straams (or jets) that  are prone to  appear a t  lower levels 
in advance of pressure troughs. The occurrence of such 
strong narrow currents at  relatively low  levels is consistent 
(fig. 19) with the hydrostatic implications of the warm 
tongue in the mean isotherms ahead of troughs, with winds 
tending to increase downward on the southeastern side of 
an elongated warm tongue (then warmer air  is found 
toward  lower pressure),  and  tending to decrease downward 
on the  northwestern side of the warm tongue (where  cooler 
air is found toward lower pressure). 

Even  though  strong southwesterly winds are  to  be 
expected with  strong pressure gradients that are found 
preceding such troughs, wind speeds frequently  appear  to 
be greater  than  the expected geostrophic or gradient 
speeds. A significant "t" test value supported the con- 
clusion that super-geostrophic winds are found in southerly 
jets  where isotherms are  approximately parallel to  the 
streamlines with warmer air toward lower pressure. 

Horizontal shears.4trong narrow air  streams (or jets) 
must be associated by definition with  important horizontal 
shears, with anticyclonic shears on the  east of the  southerly 
current and  with cyclonic shears  on  the west. 

Especially strong anticyclonic shears are observed on 

the east side of some of the more important narrow air 
streams observed in the vicinity of the 5,000-foot  level 
in the Middle West. At  many times, these shears ap- 
proach the value of minus the Coriolis parameter for 
middle latitudes. Occasionally the shears may exceed in 
value the criterion for  lateral  instability [19]. Some 
examples, together with their corresponding shear values, 
are  as follows: 
Aug. 8, 1944- - - - 1600 GMT St. Paul  to La Crosse-slightly less 

Aug. 10, 1944"-  0400 GMT St.  Paul t o  La Cross-slightly less 

Aug.  10,  1944"-  1600 GMT Milwaukee to  Joliet-approxi- 

July 16, 1945- _ _  0400 GMT Sioux City to  Des Moines-less 

Since shear is one of the components of vorticity, 
important applications of the  vorticity theorem may be 
made to these narrow streams  and  their corresponding 
shear  patterns.  For example, if trajectories of adjacent 
southerly  air  currents encounter increasing anbicyclonic 
shear  in  certain portions of a  narrow  stream  structure 
(assuming no important changes in  curvature of the 
trajectories) that is  greater than  the change in vorticity 
due  to  northward  latitudinal displacement, general 
divergence instead of convergence will  be associated with 
the southerly flow. 

Such divergence is revealed in  the persistent stratifica- 
tion of moisture as measured in radiosonde observations. 
This  type of development damps the occurrence of 
thunderstorm  activity in  spite of many  other favorable 
factors. 

Dates of occurrence of this  type of situation include: 
August 15, 25, and 26, September 3 and 16,  1945. 

Similarly, with intense  gradients of mean temperature 
to  the west or  northwest of narrow  streams aloft, strong 
northerly flow in the lower layers  may occur. Increasing 
cyclonic shears along trajectories  in the northerly  current 
may be sufficient to overcompensate the change in 
vorticity due to  southward  latitudinal displacement giving 
general convergence instead of divergence in the northerly 
current. 

The cyclonic shear zone in  the west of a narrow air 
stream together with favorable temperature distributions 
may become frontogenetical cont,ribut.ing to the formation 
of new fronts  or  shear lines in the vicinity of the induced 
surface trough  under the pre-trough warm tongue. 

Upon examination of the  vorticity theorem in more 
detail a  very  interesting application is found. 

than  minus .9 x lo". 

than  minus .8 x 10-4.  

mately  minus 1.0 x lo", 

than minus .7 x lo". 

where 
Ap=increment of pressure between top and 

bottom of air column. 
f = Coriolis parameter 
l=vorticity relative  to  the  earth. 

When the  initial absolute vorticity  is  very low, say  in  an 
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COOL AIR 

I 
FIQWBE 2O.-Solenoidal Bel&  associated with circulation  accelerations  suggesting low 

level convergence. 

1 

anticyclonic shear  situation  with  straight flow, a small 
increase either in  latitude or in  vorticity  relative  to  the 
earth is consistent with a relatively  large  stretching of 
the air column as compared with  a  situation  in which 
cyclonic shear was originally present  and the same change 
in  vorticity occurred. 

This  may help to explain some of the rapidly developing 
and rapidly changing weather situations  that plague fore- 
casters in  the Middle West especially in summer when 
anticyclonic shear patterns  are frequent in  the Southern 
Plains. 

WARM TONGUES 

Previously in this  paper (fig. 19) warm tongues and 
southerly jets were shown to be interrelated. The hydro- 
static analysis suggests strong pressure gradients  and 
strong winds in the lower  levels on the eastern or south- 
eastern side of the mean warm tongue. The warm t,ongue, 
on the  other  hand,  may be further elongated in certain 
slow-moving patt’erns by advective  action  in the narrow 
air &ream. Here,  then, is one of the unstable  situations 
having some of the aspects of a “chain  reaction,” that 
seems peculiar to the warm tongue. 

Solenoidal  fields that appear  in a cross section through 
a warm tongue are associated with circulation accelerations 
that suggest convergence in  the lower levels (fig. 20). 
Lapse rates also are usually relatively  steep above a low- 
level warm tongue since the warm tongue is seldom so 
elongated at higher elevations. These  factors,  together 
wibh large amounts of moisture, which as in isentropic 
analysis are usually found associated with warm tongues, 
and the effective contribution of any cross patterns found 
within the warm tongue, provide a very favorable system 
for the development and release of instability. 

After the development of thunderstorm  activity in  the 
vicinity, the unstable  situation  tends  to persist due to the 
fact  that warm advection and the release of latent  heat 
tend to  maintain solenoidal fields in  spite of general cooling 
contributed by convergence. Thunderstorm  activity, 

therefore, tends  to persist in warm tongues even after any 
cross patierns  within  them  have become relatively weak. 

Attention  has also  been directed to the importance of 
warm tongue phenomena by  the occurrence of severe thun- 
derstorm  activity  and sometimes tornadoes in  the vicinity 
of the more narrow elongated warm tongues. 

Severe thunderstorms that were associated with a nar- 
row warm tongue aloft  in  the Lehigh Valley area  the night 
of July 9-10,  1945, contributed  to the loss of several lives 
in flash  floods. On July 24, strong winds with a thunder- 
storm  squall line associated with  a narrow warm t ongue  
aloft  struck Glenview, Ill., northwest of Chicago. The 
thunderstorm a t  Washington, D. C., on June 2, 1945, 
which was accompanied by considerable hail, was also 
associated with a warm tongue aloft. 

Prefrontal  squall lines have been associated with cold 
fronts  aloft  in  the  literature.  The observed relationship 
between warm tongues aloft and prefrontal  squall linea 
implies a relationship between cold fronts  aloft  and warm 
tongues. 

A small amount of careful study reveals that synoptic 
characteristics on the sea level chart under warm tongues 
aloft are  quite similar to those under cold fronts aloft. 
Surface winds are likely to give little indication of either 
a warm tongue or cold front  aloft except just prior to or 
with  the development of a  burst of thunderstorm activity. 
Surface three-hourly pressure changes will reflect both 8 

moving warm tongue and a moving cold front aloft with 
a falling then rising characteristic or falling then falling 
less rapidly. Presumably a cold front aloft should give 8 

sharper kink in  the barogram than a warm tongue without 
a front,  but if thunderstorms  are occurring in the vicinity 
with resulting irregular barograms, such a distinction may 
be difficult or impossible to make. A more or less linear 
arrangement of slight discontinuities could result from 
either  situation. A poorly  defined surface trough might 
be expected ahead of the surface cold front  in  either case. 

Of course, the presence of an extensive deck of  middle 
type clouds with  altocumulus  characteristics and an 
elongated area of thunderstorms well ahead of a  front need 
not be a specific indication of a cold front aloft. 

The occurrence of warm tongues together with the 
occurrence of cold fronts  aloft is very likely, but cold 
fronts  aloft  are expected to be accompanied by  an upper- 
air wind shift.  Warm tongues are more likely to be 
associated with such wind shifts a t  lower rather than at 
higher levels. 

Continuity is a major tool in  frontal analysis. But 
continuity of weather patterns associated with warm 
tongues also is observed. When the direction of the 
winds a t  the 5,000-foot level makes a large angle with the 
direction of the elongation of the warm tongue, the warm 
tongue together  with its associated area of thunderstorm 

2 The term “instability  line” has come into recant  use by international agreement to 
represent  nonfrontsl  squall  lines 1211. 
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P ~ G W R X  21.-860-mb. chart, 2200 CST. August 2,1945.  Solid lines are height eontom labeled in tens of feet. Dashed h e s  are  isotherms (OO.). Heavy solid lines iudieatethe-Oo90 
CST positions of the sea level fronts  taken from the Daily Weather  Map (Washington, D. 0.). Thunderstorm  data are from the OO30 0ST reports. 

FIGWE 22.-"1-mb. chart, ZWO OST, August 3,1945.  Solid lines are height contours labeled in tens of feet. Dashed lines  are  isotherms ("C.). Heavy solid lines indicate tha M)ao 
0ST positions of the 888 level fronts taken from the Daily Weather Map (Washington, D.  C.). Thunderstorm  data are from the oo30 CST mport8. 
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~ o m r E ~ ~ . 4 5 0 - m b .  chart, 22M) CST,  August 4,1845. Solid lines are height  contours labeled in tens of feet. Dashed l i e s  are  isotherms ("C.). Heavy solid lines  indicate the Ooso 
CST positions of the sea  level fronts  taken  from the Daily  Weather Map (Washington,  D. C.). Thunderstorm data are  from the OO30 CST reports. 

Fmoax~24.43l-mb. chart, 2200 CST,  August 5, 1945. Solid lines  are  height  contours labeled in tens of feet. Dashed  lines  are  isotherms ("C.). Heavy solid fie8 indicate t h e m  
CST positions of the BBS level fronts taken from  the  Daily  Weather Map (Washington, D. C.).  Thunderstorm  d8ta 810 from the 0030 CS'r reports. 
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FIaw~~~25.--85&mb. chart, 2200 CST, August 6,1945. Solid l i e s  are height  contours  labeled in tens of feet. Dashed  lines are isotherms ("C.). Heavy  solid  lines  indicate  the @@ 
CST positions of the  sea  level  fronts  taken  from  the Daily Weather Map (Washington, D. C.). Thunderstorm  data are from the OO30 CST reports. 

activity may be carried out ahead of the surface front 
with approximately the speed of the 5,000-foot  wind, as 
would an upper-air cold front. 

MOVEMENT AND LIFE CYCLE OF PRE-TROUGH 
THUNDERSTORM ACTIVITY 

Having discussed,  briefly, individual  features of the 
pre-trough structure  and of the formation of thunderstorm 
activity, we  now are confronted with  the problem of the 
movement and dissipation of thunderstorm  activity. 
Referring to  the 2200 CST 850-mb. chart sequence for the 
period August 2 to 6 ,  1945, inclusive (figs.  21 to 25), we 
see such a cycle demonstrated. 

On the 2d (fig. 21) thunderstorm  activity  in  Nebraska, 
Kansas, and Iowa represented the  latter phase of a cycle 
which occurred with the eastward movement of the previ- 
ous trough observed near the  East Coast.  This  thunder- 
storm activity was associated with a cross-pattern area 
that persisted along the  northern side of a warm tongue 
extending eastward from the  hub of warm air over the 
western Plateau region along the  remnant of the trough 
that connected with the  East Coast trough. I n  the 
Dakotas some activity was developing far in advance of 
the trough in an area where some  cross pattern was 
represented on  the 850-mb. chart. Bismarck's 1000 CST 
radiosonde observation indicated a layer of moist air 
about 3 km. deep. 

On the 3d  (fig. 22), the trough and ridges moved east- 

ward while a strong  southerly narrow air stream developed 
ahead of the trough. In  North  Dakota, where the cross 
pattern was not so well-marked, thunderstorms dissipated 
during the night but thunderstorms to  the  south persisted 
with considerable activity  in Iowa, Nebraska, Kansas, and 
Missouri continuing as  late  as 0730 CST, as the center of 
activity moved southeastward along the isotherms into 
northern Missouri. By afternoon little  activity was re 
ported in this  area. 

On the next evening, the  4th (fig. 23), thunderstorms 
redeveloped in the region of cross pattern.  At  this time 
surface fronts were in the same general vicinity. By 0730 
the thunderstorm  area in  the vicinity of the more intense 
cross pattern had shifted southeastward along the isoe 
therms into  northern Illinois with  very  little  activity 
remaining to  the southwest.  Diurnal factors again be- 
came predominant  with the thunderstorms mostly dissi- 
pating,  although showers continued and drifted eastward. 
At 1530 CST  thunderstorm activity developed along a 
line from Muskegon, Mich., well to  the northeast of the 
surface warm front, extending southwestward to near 
Moline and Bradford in Illinois and  to Kirksville, Mo., 
in  the vicinity of the cold front. This development 
occurred near the axis of a southwesterly jet  as shown by 
the 4,000- and 5,000-foot winds aloft at 1600 CST. 

The most  active  phase of the thunderstorm cycle was 
then developing. By evening on  the  5th (fig. 24), wide- 
spread  thunderstorm  activity was occurring on the for- 



180 MONTHLY WEATHER REVIEW 

ward side of the 850-mb. trough and extending westward 
into the tongue of warm air which protruded  east-north- 
eastward from New Mexico and  the  Panhandle area. 
Most of this  activity was occurring well ahead of the 
surface trough except in western Missouri and Eansas 
where the cold front  lay under the crest of the warm 
tongue. As the 850-mb. trough gradually overtook the 
cold tongue in the vicinity of the  Great Lakes, flow 
became more nearly in phase  with the isotherms so that 
the warm-to-cold pattern was gradually destroyed and 
thunderstorm activity diminished. Warm air over the 
western Plateau  and cool air  over the  Great Lakes region 
are persistent features on summer charts. By 0430 
practicdly all of the thunderstorms  east of the Missis- 
sippi River had dissipated and only a few showers re- 
mained. However, a large  area of activity remained in 
Kansas and  parts of Missouri and Oklahoma, but this 
too dissipated rapidly  within the next few hours. 

By the next evening on the  6th (fig. 25), at 2200 only a 
few isolated lightning  reports were indicated in Ohio in 
advance of the surface trough and  in  southern  Eansas. 
Cold-to-warm cross flow  now dominated the  district 
with a delta-like structure over Missouri, Oklahoma, and 
northern Arkansas. Some thunderstorm  activity  tends 
to persist in shallow weak warm tongues or cross patterns 
just ahead of such deltas  and  did persist in this case in 
Arkansas and Oklahoma. A very  interesting minor cross 
pattern occurred on the eastern side of a small closed  Low 
that was suggested by  the winds aloft in Lower Michigan. 
Showers and a t  least  one  thunderstorm occurred a few 
hours later  in this region. 

On the evening of the  7th small amounts of thunder- 
storm  activity persisted in eastern Colorado with a few 
showers in western Nebraska. 

By the evening of the Sth,  thunderstorms were appear- 
ing in  the western Dakotas again in advance of another 
trough. 

The principal area of thunderstorm  activity described 
very nearly a closed path  in  an anticyclonic sense (fig. 
24), similar to  the case described by Namias [4]. In the 
present example the movement of the  area of maximum 
thunderstorm  activity was consistent with the  trajectory 
of the area of cross pattern as the warm tongue ahead 
of the trough  rotated clockwise around the  “hub” of 
warm air over the southwestern  mountain and plateau 
area. The  trajectory of the individual warm moist air 
parcels  was, of course, somewhat different from that of the 
complete cycle of thunderstorm  activity. 

Individual surges of thunderstorm  activity, once they 
were established in  the evening over a general area, showed 
a tendency to drift eastward or southeastward along the 
850-mb. isotherms tending  to  outpace the movement of 
the major trough pattern with which they were associated. 
With slow-moving troughs the surges tend to develop the 
next evening near or even to  the  rear of the position where 
the thunderstorm  activity dissipated during the morning. 

Occasionally more than one such surge will travel eastward 
ahead of the trough in one 24-hour  period. An analysis 
of the April 9-11, 1944 situation which was originally 
studied by  Brunk [20] suggested that such successive 
surges were related to minor warm tongues or isotherm 
waves  (in layer 5,000 to 10,000 feet) which  developed in 
the pre-trough area  and moved eastward more rapidly than 
the principal trough. In cases where on the southeastern 
or eastern side of a warm  tongue isotherms bend sharply 
back parallel to  the flow, or where easterly flow is likely 
to  retard  the eastward movement of the isotherms, areaa 
of thunderstorm  activity forming in the warm tongue area 
will be  restricted in their  easterly movement. 

I n  summer, when isotherms east of the Rockies have a 
greater  northwest-to-southeast  orientation,  areas of thun- 
terstorms  tend to drift more southward  as  they move  east- 
ward. In  the extreme case with  north-south isotherms a 
thunderstorm  area beginning in  the  Dakotas  may driit 
into Kansas.  During  spring the  situation is quite different 
with west-to-east isotherms across the United States steer- 
ing  the cross patterns almost  directly eastward with 
thunderstorms occurring somet.imes both  night and day 
in advance of a trough as it moves from the  South Central 
States eastward and  northeastward. When an area of 
thunderstorms becomes established in the vicinity of 8 
warm tongue, the direction of movement as determined 
from the looped isotherms may be difficult to determine. 
If the axis of the looped isotherms is parallel to the 
flow  (5,000 to 10,000 feet) the area of activity may 
be extended to some degree along the axis of flow. If the 
warm tongue is approximately normal to  the flow,  the 
thunderstorm  area will move with the approximate veloc- 
ity of the flow, not infrequently  taking on the character- 
istics of a squall zone as it progresses. 

During  the  late spring and early summer the “hub” of 
warm air over the western mountain  and  plateau States 
is not  as well establisbed and  may  be carried eastward in 
a fairly  strong circulation during the night  and early 
morning. Cross patterns  and  thunderstorms will also 
drift eastward ahead of the warm air.  Intense insolation 
during the  day will tend to reestablish the center of the 
warm air over the Southwest so that cross patterns occur 
farther west and  areas of thunderstorm  activity are re- 
established farther west to again drift eastward. 

The movement of individual  thunderstorms must, of 
course, be distinguished from the movement of areas of 
thunderstorm  activity.  Individual thunderstorms, ac- 
cording to individual station  reports,  frequently have 8 
movement somewhat different from that of the area of 
thunderstorm  activity. The Thunderstorm Project re- 
ports [7] that  the direction of movement of individual cells 
in Florida  and Ohio corresponds well to  that of the mean 
wind vector, gradient level to 20,000 feet. Movement of 
meas of thunderstorms is mainly along the 850-mb.  iso- 
therms  with a slight component of motion across the 
isotherms toward colder air. This direction of movement 
frequently is similar to  that of the 20,000-foot  flow. 
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A TECHNIQUE FOR FOHWGTING THUNJXRSTORMS to a degree, be oversimplified and certain cases  will tend 
AT  CHICAGO to fit into more than one classification. The goal in classi- 

fication has been to define fairly objectively the various 
The material  presented thus far in this paper, while types in order to reduce the number of borderline cases. 

directed toward a better Of the in The classification has been based to a large degree upon 

to forecasting are concerned. Therefore, rence and  not merely upon relative positions of troughs and 
it was desirable that a technique be outlined for providing ridges as in the analogue This ap-, 
the forecaster with a quantitative  estimate of the likelihood preach is expected to be useful to forecasters since they 
of thunderstorms at Chicago. are accustomed to using primarily their understanding of 

The technique Presented in this is One of the association of weather chart  patterns with, in this case, 
mmY Possible approaches, each making Use of different, thunderstorm  activity,  together  with moisture and stabile 
but actually SOmewhat Similar, Parmeters.  The dis- ity analyses and indirect aerology (analyses of clouds and 
cussion in previous sections of parameters  other  than those previous thunderstorm occmence). of these factom 
used in the technique may  prove useful for forecasting the are  kcoworated  into this forecast guide. 
timing or areal  distribution  about the  point for which the The  stability  factor used is ody a rough measme, the 
technique is specific&' Prepared, also as a ''Some book" difference between 850-mb. and 500-mb. temperatures. 
Of Parmeters for  the  further  Preparation of forecasting The moisture factor is also a rough measure, the 850-mb. 
techniques. mixing ratio (dew point).  Forecasters  may be able to 

A test was made of a forecast aid making use of several further eliminate certain  no-thunderstorm  situations  by 
of the more simple factors that are  frequently used  sep- improving the selectivity of these  factors  by careful 
arately and in a qualitative way for the prediction of analyses of individual soundings and of individual flow 
thunderstorm occurrence a t  Chicago within a given 24- patterns. 
hour  period. 

which thunderstorms OcCuT, is Primarily qualitative so processes that have been related to thunderstorm OCCW- 

850"B. CHART TYPES 

SELECTION OF FACTORS , The 850-mb. chart types (figs. 26-36) were  derived  from. 
marts depicting flow, temperature, and moisture pat- basic ideas established earlier in this thunderstorm study.. 

terns at the 850-mb. level are  the  primary tool. Tem- 
peratures from the 500-mb. level are used together  with 
850-mb. temperatures for a rough estimate of stability. 
From surface reports  data  are collected concerning the 
previous occurrence of thunderstorms. 

The 850-mb. chart is used as a primary tool because 
shallow  flow and isotherm wave patterns  are usually 
represented better  by  that  chart  than  by either the surface 
chart or the 700-mb. chart. In summer east of the 
Rockies a 700-mb. pressure ridge may exhibit only a minor 
cyclonic dip on its eastern side while a significant trough 
is apparent below at the 850-mb.  level and on the surface 
chart. This is  due to  important  temperature  gradients 
that occur below the 700-mb. level in summer east of the 
Rockies. The surface chart is less representative than 
the  850-mb. chart because summer showers and  thunder- 
storms in the Midwest are  primarily higher level phenom- 
ena. The lower portion of the unstable  layer  is  frequently 
near the 850-mb. level. Unfortunately such summer 
thunderstorm and  precipitation patterns do not correspond 
well to classical concepts of precipitation  around  frontal 
wave  cyclones. 

Experience with several objective techniques demon- 
strated the necessity for stratification of different types of 
850-mb. patterns. For example, an elongated north- 
south ridge is  frequently slow-moving or stationary, eff  ec- 
tively  blocking the movement of pre-trough thunderstorms 

distance away. Any classification of weather  charts will, by solid limes, lsotberms by dashed Ilnes. 
even though an area Of such activity may be OdY a short F I Q W L ~ & - T J ~ B I , ~ M ) - ~ ~ .  chart. pos&t,roughwldsdveetion. Sh%%mlb3SfSt3shOW'II~ 
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FIGWE 27.-Type 1.4, 850-mh. chart. Cold sdvcction, hut with  frontal  wave to west FJGnRE,g."Type 111, 850-mb. chart. Closed anticyclone.  Streamlines  are shown by 
solid  lines. isotherms by dashed lines. 

FJGWE %.-Type 11, W-mb. chart.  Northerly or northwesterly flow with  neutral 
advection.  Streamlines are shown by solid lines, Isotherms by dashed lines. 

F I G U R E _ ~ ~ . - T Y ~ ~  IV, 850-mb. chart.  Elongated  ridge.  Streamlines  are shown by 
solid lines,  Isotherms by dashed lines. 
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T 

J 
FIGURE 31.-Type IVA, 8W-mb. chart.  Elongated  ridge  broken by warm  front  west or 

southwest of Chicago and  with closed anticyclone  to  nolth.  Streamlines  are  shown 
by solid lines,  isotherms by dashed lines. 

FIGUEE 33.-Type VI, 8W-mb. chart.  Pre-trough warm advection.  Streamlines am 
shown by solid lines, isotherms by dashed lines. Dotted  triangle  outlines  area to 
be checked for thunderstorms  during  last 12 hours for Types V and VI. Thin 
dash-dot  line  illustrates "wave trajectory"  line  described on p. 186. 

IGuRE 32."J!ype V, 8S0-mb. chart. Westerly flow with  neutral  advection.  Stream- 
linea are shown by solid IInes, isotherms by dashed lines. 

FIGUBE %.-Type VII. 860-mb. chart.  Pre-trough  stagnant warm tongue. Btreamlinea 
are shown by solid lines, isotherms by dashed lines. 
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F~nwm %.-Type VXIA, 850-mb. chart. Pre-trough warm  tongue  moving out. Stream- 
Unes are shown by solid lines, isotherms by dashed lines. 

The  derivation period from which the  chart  types were 
chosen, was that for July and August 1945, and  June, 
July, and August, 1946 and 1947; data for the summer of 
1948 were reserved for an independent  test. Tests  have 
also been made for later years. The various types of pat- 
terns were taken from and  are representative of charts for 
the 1000 CST radiosonde observation as compared with 
the occurrence or nonoccurrence of thunderstorms  during 
the following  24-hour  period 1230 to 1230 CST. 
Type I. (No  thunderstorms in 33 cases during the deri- 

vation period) (fig. %).-This type is one of the most fre- 
quent “no-thunderstorm”  situations. It is characterized 
by post-trough cold advection at  Chicago, usually with a 
north-south ridge over the  Central  States.  The air mass 
is relatively cool and  dry,  but  not always stable. On a 
few  occasions in  late summer, cool air masses crossing the 
Great Lakes  have become unstable giving a few  widely 
scattered  thunderstorms, but mostly north of Chicago. 
Type IA. (One thunderstorm period in three cases) (fig. 

27).-While this  subtype is infrequent, it calls attention 
to the necessity for a careful check of Type I situations for 
possible modifications that  may  contribute  to thunder- 
storm formation. Cold advection predominates at Chi- 
cago in this subtype,  but  with a frontal wave to  the west 
thunderstorms may quickly redevelop in  the Chicago area. 
The cross pattern  must be oriented in such a way as to 
suggest  possible wave movement from the area of thunder- 

I 
=B 

FIGIJBE 36.-Type VIIB, 860-mb.  chart.  Warm tongue west.  neutral or cold advectfon 
from south or east on the east side of the warm tongue.  Btrmmlines  are shown by 
solid lines, isotherms by dashed lines. 

storm  activity toward Chicago. Such a steering zone is 
defined later  in  this paper  under “Discussion.” 
Type II. (One thunderstorm period in 14 cases) (Sg. 

28)”Northerly or northwesterly flow with  neutral advec- 
tion (1 O C. or less in 300 miles) is the characteristic feature 
of this  “no-thunderstorm” type together  with a ridge of 
high pressure over the central  portion of the United States. 
Type III. (No thunderstorms in seven  cases) (fig. 29). 

-In this “no-thunderstorm” type a closed  anticyclone 
dominates the  Great  Lakes Region and the line of neutral 
advection, which is considered to be more significant than 
the ridge line, has  not  yet passed Chicago. No frontal 
waves are present immediately south or west of Chicago. 
Type IV. (One thunderstorm period in 27 cases) (Sg. 

30).-The elongated ridge in  this “no-thunderstorm” type 
is usually warm and slow-moving.  Again the position 
criterion is the  neutral advection line. If it is past Chi- 
cago, a better chance exists for an area of thunderstorms- 
to glide eastward or southeastward  into  the Chicago area. 
within the next 24 hours. Of course if the line of neutral 
advection is not  yet  past  as in  this  type, opportunities for 
thunderstorms  to reach the Chicago mea  are more limited. 
In this  type of situation  thunderstorms  may be occurring 
over parts of Iowa,  Minnesota,  and Wisconsin and still 
not reach Chicago during  the  next 24 hours  due to the 
blocking action of the ridge. 
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Type IVa. (One thunderstorm period in 15  cases)  (fig. 
3 1) .-This ridge sub  type is similar to  the above including 
the criterion of neutral advection line, but in  this case a 
closed High lies north of Chicago in the northern part 
of the ridge and a warm front lies to  the west or southwest. 
Again many  thunderstorms  may occur to  the west but 
make little eastward progress. 
Type V.  (Three  thunderstorm periods in five  cases) 

(fig.  32).-The predominant  feature of this  type is west- 
erly  flow with  neutral advection, which is frequently BUS- 

ceptible to wave development, especially  since this  type 
occurs with short wave length  to the rear of one weak 
frough and in advance of another. 
Type V I .  (27 thunderstorm  situations  in 74 cases) 

{fig.  33).-More summer thunderstorms occur with  this 
pattern than with any other, but  the  type is also the most 
frequent summer pattern, which  does not  greatly simplify 
the forecast problem. The predominant feature is pre- 
trough warm advection. Thunderstorms  are more likely 
the  second or  third day  this  pattern or type is present 
rather than  the first day. On the first day,  the degree of 
cross pattern  may be relatively weak immediately to the 
rear of a ridge. Also moisture may be lacking since  suffi- 
cient time may  have not  yet elapsed to allow a moist 
tongue to  thread its way norlhward  around  the western 
periphery of the High or ridge. 
Type VII. (Ten thunderstorm cases in 30)  (fig.  34).- 

Another type which accounts for a  number of thunder- 
storm situations is the pre-trough st,agnant warm tongue 
type in which the warm tongue is located over Chicago but 
with no  important warm advection (less than 1’ C. in 
300 miles). The warm tongue is described as stagnant be- 
cause no important  current is oriented normal to  the axis 
of the warm tongue to  rapidly displace the warm tongue. 
Type VIIA. (No thunderstorms in 15 cases) (fig.  35).- 

In this  subtype  the warm tongue over Chicago isnot stag- 
nant, but moving, with  a zone of cold advection  to the 
rear of the warm tongue. If any  thunderstorms  are going 
to occur with  this  type,  they  must occur near the beginning 
of the period before the influence of the warm air is re- 
placed by  that of the area of cold advection. 
Type VIIB. (One thunderstorm in 23 cases)  (fig.  36).- 

Another “no-thunderstorm”  subtype  has  a warm tongue as 
a predominant feature, but  the warm tongue is centered 
west of Chicago. This  type of warm tongue shows little 
eastward movement and  has  neutral or cold advection 
from the east or south  on  the east side of the warm tongue. 

Following classification, the  charts were stratifled to 
eliminate predominantly “no-thunderstorm” types. Only 
cases corresponding to  the following types were retained 
for further examination: 

In. Cold advection but active wave and thunder- 

V. deutral advection, westerly flow. 
VI. Pre-trough warm advection. 
VII.  Stagnant warm tongues. 

Atorm west or southwest. 

PREVIOUS OCCURRENCE OF THUNDERSTORMS 

A second stratification was based upon occurrence or 
nonoccurrence of thunderstorms  during the 12-hour  period 
0030-1230 CST  within prescribed areas prior to  the begin- 
ning of the 24-hour thunderstorm forecast period  (1230 to 
1230 CST). Unless at  least one thunderstorm had occur- 
red within the period and  area  indicated,  a forecast of no 
thunderstorm is made for Chicago for the following  24- 
hour period  1230 to 1230 CST. 

The prescribed areas differ according to  the  type of 
situation. 

Type In. Thunderstorms must; have occurred within 
an equilateral triangle with  vertex at Chicago and center 
of the base on a line connecting Chicago with the position 
cf the surface wave, the  altitude of the triangle being no 
greater than 400 miles. 

Types  V  and VI. Thunderstorms  must  have occured 
within  a steering zone with  vertex at Chicago and defined 
as follows: A “wave trajectory” is outlined on the  chart  by 
drawing a line from the vertex at Chicago parallel to or 
concentric with the nearest diagonal across cross-pattern 
cells,  (100-foot contour height  intervals  and 5’ C. isotherm 
intervals) the diagonal being directed  toward lower  con- 
tour heights and higher temperatures. See figure  33 for 
such a diagonal, also for the triangular  area that is to be 
checked for occurrence of thunderstorms  during  the last 12 
hours. The  width of the zone a t  any point along the  tra- 
jectory is equal to  the distance along the trajectory from 
Chicago. A maximum distance along the trajectory for 
the zone is either the distance to  the first neutral advection 
line associated with an out-of-phase trough, or 600 miles, 
whichever is less. 

Type  VII.  Stagnant warm tongues are  by definition 
not susceptible to important  steering  patterns. Therefore, 
for these cases an area  within 200  miles radius of Chicago 
is used to check for previous occurrence of thunderstorms. 

STABILIlY KND MOISTURE 

Following the second stratification, which is based  upon 
the previous occurrence of thunderstorms,  a  scatter dia- 
gram was prepared, the coordinates of which are (1) the 
difference between 850-mb. temperature  and 500-mb. 
temperature  and (2) the 850-mb.  mixing ratio (dew point) 

The highest 850-mb.  mixing ratio (dew point) value 
within a given distance, which depends upon the type, is 
selected together with 850-mb. and 500-mb. temperatures 
taken at that same point. A greater distance is  not used 
since moisture values a t  a given level are notoriously 
subject  to change due  in part  to vertical motion in the 
pre-trough area. A somewhat longer distance might be 
non-representative due  to subsidence drying effects east of 
the Rockies. Moisture values are read a t  the  relatively 
low  850-mb. level because horizontal convergence in  the 
pre-trough area  is likely to deepen the air column making 
the lower-level values more representative of the air column 

(fig. 37). 
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FIGURE 37.-Stability-moisture  scatter  diegram for showiug relative frequency of thun- 
derstorms for cases not separated out in two stratihtions. Prepared  from  derivation 
data for June 1946, 1947, and July-August 1945, 1946, 1917. Triangle is thunderstorm, 
circle is no-thunderstorm. 

up to the middle-type cloud level than would a moisture 
value initially read a t  a higher level. The lapse rate is 
not taken all the way to  the surface because few  Chicago 
thunderstorms apparently originate with  steep  lapse  rates 
all the way to  the surface, but  to a  greater degree wit,h 
steep lapse rates above the 850-mb.  level. 

The moisture and lapse rate values are  interpolated 
from the  charts a t  the following points for the various 
types : 

Type I*. The highest moisture value within 250  miles 
of Joliet and measured toward the surface position of the 
frontal wave is selected together  with 850-mb. temperature 
and 500-mb. temperature  taken at  that same  point. 

TypesV and VI. The highest moisture value and corre- 
sponding temperatures are  taken within 250 miles of 
Joliet along the “wave trajectory,” which is defined in the 
previous section. 

Type VII. Joliet values are used in  the  stagnant warm 
t,ongue situations. 

These measures of stability  and moisture were  chosen 
following experimentation with  many  others including 
equivalent potential  temperature,  equivalent  temperatures, 

condensation pressures, etc. The simple measures chosen 
showed as good or better  selectivity (following the initial 
stratificat,ions) than  the more complex forms. The scat- 
ter diagram for the derivation period is founQ in figure 37. 

A careful examination of this distribut.ion’indicates that 
better skills may be achieved by use of a 40-percent rela- 
tive frequency line rather  than a 50-percent line as a 
criterion for a categorical forecast. Relatively few  cases 
are found below the 40-percent line due to  the two  previous 
screenings. 

DISCUSSION 

In  this subsection some of the more important influences 
as applied to  chart classification and stratification a r e  
discussed. 

In  the modified ridge Type IV,, a case was found with 
strong  southerly flow and warm frontogenesis to  the west 
and southwest of Chicago. Thunderstorms reached Chi- 
cago late in the 24-hour period in  this usually “no-thunder- 
storm” general type.  This  situation occurred June 14, 
1946. 

The example of the pre-trough warm advection type is 
a first day of this  type which frequently persists 2 or 3 
days.  The first day (as stated above) is less favorable for 
thunderstorm  activity than second- or third-day patterns, 
which usually are associated with more moisture than is 
present on the first day. However, in the first-day ex- 
ample shown, a thunderstorm occurred. 

In  Type VIIA one must  watch for the formation of a 
secondary trough since in that case a small area of cold 
advection may  not displace the warm tongue by any 
great  amount before the secondary trough again draws 
the warm tongue northward. Frontogenesis in a nearly 
stationary  trough (even though  northerly winds flow into 
the trough)  can also contribute  to  thunderstorm formation 
in  this usually “no-thunderstorm”  type. In  this case 
the center of the warm tongue moves very  little (June 
11, 1948). 

In  Type VIIB one must  watch for thunderstorms occur- 
ring in a  relatively small area of convergence which 
moves northward in  the southerly flow. 

TESTS 

A check of the skill of categorical separation of thunder- 
storm  and  no-thunderstorm cases for the derivation period 
gave  a skill score of .67 (see table  5). 

A test on  independent data was conducted making use 
of data for the summer of 1948. The classification of 
cases by  type is given in  table 6. 

Following the second stratification based upon previous 
occurrence of thunderstorms, 36 cases remained, 17 of 
them  thunderstorm cases. In  plotting lapse rate versus 
mixing ratio  points for these cases and copying the crite- 
rion line from the derivation scatter diagram, 8 of the 
no-thunderstorm cases  were separated out (fig. 38). One 
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TABLE 5.-Test of thunderstorm  forecasting  technique  for the deri- 

vation period,  June  1946  and 1947  and July and  August  1945, 
1946,1947 

Indicated 

I storm I storm I 1 

1 I No thunderstorm _ _ _ _ _ _ _  I 20 I 18: I 201 I a Thunderstorm ______.___ 38  45 

TABLE 6.-Classification of 850-mb.  patterns on individual  days, 
June,  July, and August  1948.  Underlined  dates  refer to thunder- 
storm cases. 

Type 11. Neutral advection-northwest flow ________.___________ 
29 31 _ _ _ _ _ _ _  

Type IVA.  With warm front west to southwest _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  20 14 _ _ _ _ _ _ _  
Type  V. Neutral advection-westerly flow __________.___________ 24 18 _ _ _ _ _ _ _  

'Type VI. Pre-trough warm advection-..-. __.___ ""_""""" 

4 1  7 
8 I 1: : 10 

10 2 """_ 
lppe VII. Warm tonguestagnant in vicinity of Chicago -...-. 

28 12 ""_" 

Type VIIA. Warm tongue over station but  movhg rapidly..- { 17 _ _ _ _ _ _ _  11 16 __.____ 

Type VIIB. Warm tongue west with neutral or cold advection 
from east or south ________________________________________--- 

""" 3 24 

/ 
""" """ 27 

thunderstorm had been lost in  the first stratification,  type 
classification,  when a warm tongue which was classified 
as moving out (Type VIIA), appeared again in the Chicago 
area with  thunderstorms along. a trough associated with 

Skill computed for this  test was .66, which is perhaps 
high due  to sampling errors since test skills usually can 
be expected to  be somewhat lower than derivation skills. 
The results  are summarized in  table 7. 

TABLE 7.-Test of the thunderstorm  forecasting technique for the test 
period,  summer  1948 

Forecast 

Thun- 

storm storm 

hTo 
der- Total  thunder- 

_________- 

/ t i  No thunderstorm _ _ _ _ _ _ _  
11 

Thunderstorm ._._______ 

!32 64 28 Total _____..______ 

18 
74 63 

1 17 

D 
0 

~~~ 

The cases with  the  type of error in which thunderstorms 
were forecast by  the above technique but none observed 
a t  Chicago Airport are  tabulated below with  remarks on 
observed weather: 

June 4, 1948- - - - 

June 6, 1948- - - - 

June 18, 1948"- 

June 21,  1948"- 

June 25,  1948" - 

July 4, 1948- - - - 

July 5, 1948- - - - 

July 13, 1948- - - 

July 15, 1948- - - 
Aug.  21,  1948"- 
Aug.  28, 1948--- 

4 6 
28 

d 
E 

$ 26 
0 

9 24 
Y 

c 
0 
[L 
(D 

a 22 
0 

Shower at Chicago, thunderstorm at 
surrounding  stations. 

Shower a t  Chicago, thunderstorm at 
Rockford. 

Shower at Chicago, thunderstorm a t  
Muskegon. 

Thunderstorms  south and west, and 
early  in second 24-hour period at 
Chicago. 

Thunderstorms  south  and northw-est, 
Terre  Haute and La Crosse. 

Shower at Chicago, thunderstorms at 
surrounding  stations. 

Isolated  thunderstorms, Green Bay and 
St. Louis. 

Shower at Chicago, thunderstorms  south 
and west. 

Showers south. 
Thunderstorm at Green  Bay. 
Cumulonimbus at Chicago. 

Mixing Rat io (gr/kg) 
8 IO 12 14 16 

2 0  
1.8 4 8 I I  I4  16.4 18.5 

Dew Point,'d. 

FWWFLE 38.-Test  cases (June, July, August 1948) on stabflity-mohtnre soatterdiamm 

circle is nc-thunderstorm. 
Forty percent relative frequency line is from m e  37. Triangle is thunderstorm, 
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In about half of these  no-thunderstorm cases (at Chi- 
cago) a forecaster would have  felt well justified in  having 
issued a thunderstorm forecast for Chicago. 

Other  situations which were typed as  favorable but 
which  were separated out  by  the 40 percent line on the 
lapse rate-mixing ratio  scatter diagram were as follows: 

June  14, 1948”- Thunderstorms southwest, also north. 
June 15, 1948“- Showers in southern Illinois. 
June 28, 1948”- Showers with an isolated thunder- 

July 1, 1948- - _ _  Lightning at Chicago. 
July 18, 1948- _ _ Few widely scattered showers. 
Aug. 2, 1948 _ _ _ _  Scattered showers. 
Aug. 9, 1948 _ _ _ _  Thunderstorms north. 
Aug. 22, 1948-_, Thunderstorms north. 

storm at Milwaukee. 

In two or three cases here the forecaster probably 
would have  felt justified in having issued a thunderstorm 
forecast for Chicago. But  an examination of these cases 
together with the previous cases  shows  less justification 
for thunderstorm forecasts in the  latter group as a whole, 
than with the former group, which is consistent with the 
probabilities as indicated on the  scatter diagram. 

The forecast of no thunderstorm for the one error in 
which a thunderstorm occurred, was as previously men- 
tioned a case in which a warm tongue  had been typed as 
moving out,  but which persisted in  the vicinity of Chicago. 
This forecast error was mostly due  to  an error in classify- 
ing the  chart. 

Subsequent tests on independent data during June 
through August, 1949,  1950, and 1951 are summarized 
in table 8. 

SUMMARY 

This paper is offered not as a final solution of thunder- 
storm forecasting problems, but  rather as a digest of a 
number of years’ experience with these midwestern sum- 
mer patterns. The  author hopes that he has succeeded 
in  stimulating  interest in low-level pre-trough patterns 
such as low-level jets  and low-level warm tongues and 
their association with progressive development of thermo- 
dynamic and sometimes dynamic  instability. “Under- 
running” associated with low-level jets deserves the 
attention of forecasters along with the possibly too- 
frequently-used frontal concept “overrunning.” Atten- 
tion is also directed to  the contribution of the semiper- 
manent (in summer) hub of warm air in  the southwestern 
United States toward the development of cross patterns 
and  the movement of associated areas of thunderstorm 
activity . 

Further work must  be done to improve our understand- 
ing of the forecasting siglllficance of large vertical and 
horizontal wind shears. 

Later work may  make possible some useful associations 
of low-level patterns  to high-level (near tropopause) jet 

TABLE 8.-Tests of the thunderstorm forecasting  technique on in&- 
pendent data,  June-August 1949,  1960, 1961 

1949 

Forecast 
I I 

1950 

I Forecast 

1961 
1 ‘:e? I t h z e r -  I Total 

storm  storm 

8o 
15 6 20 

92 65 27 Total _ _ _ _ _ _ _ _ _  
72 

“- 

No thunderstorm.. 12 

0 

Skill score=.62 

maxima and minima, which are of considerable interest 
for forecasting during the winter season. 

Work will also be  undertaken  with reference to the 
objective technique for forecasting thunderstorms at 
Chicago, especially to simplify the classification of patterns 
and  to  introduce  other possibly significant parameters. 

REFERENCES 
1. H. C. Willett, “Discussion and  Illustration of Problem 

Suggested by  the Analysis of Atmospheric Cross 
Sections,” Papers in Physical Oceanography and 
Meteorology, vol. IV, No. 20, Massachusetts Insti- 
tute of Technology and Woods Hole Oceanographic 
Institution, 1935. 

2. B. Holzman, “Synoptic Determination  and Forecasting 
Significance of Cold Fronts Aloft,” Monthly Weather 
Review, vol. 64, No. 12, Dec. 1936, pp. 400-414. 

3. S. Lichtblau, “Upper-Air Cold Fronts  in North 
America,” Monthly Weather  Review, vol. 64, No. 12, 
Dec. 1936, pp. 414-425. 

4. J. Namias, “Thunderstorm  Forecasting  with the Aid of 
Isentropic  Charts,” Bulletin of the American Meteor- 
ological Society, vol. 19, No. 1, Jan. 1938, pp. 1-14. 

5. J. Namias, “Technique and Examples of Isentropic 
Analysis,” pp. 18-71 of “Fluid Mechanics Applied 
to  the  Study of Atmospheric Circulation,’’ Papers in 



OCTKtBEE 1952 MONTHLY  WEATHER  REVIEW 189 

Physical Oceanography  and Meteorology, vol. VII, 
No. 1, Massachusetts Institute of Technology and 
Woods Hole Oceanographic Institution, 1938. 

6. J. Namias, “On the Dissipation of Tall  Cumulus 
Clouds,” Monthly  Weather  Review, vol. 67, No. 8, 

7. H. R. Byers and  R.  R.  Braham, Jr., The  Thunderstorm, 
U. S. Weather  Bureau, Washington, D. C., 1949. 

8. W. H. Alexander, “The Distribution of Thunderstorms 
in  the United States, 1904-33,’’ Monthly  Weather 
Review, vol. 63, No. 5, May 1935, pp. 157-158. 

9. U. S. Weather Bureau,  “Thunderstorm  Rainfall,” 
Hydrometeorological Report No. 6, Vicksburg, Miss., 
1947. (See Table I.) 

10. T. R. Reed, “The  North American High-Level Anti- 
cyclone,” Monthly  Weather  Review, vol. 61, No. 11, 

11. T. R. Reed, “Further Observations on the  North 
American High-Level Anticyclone,” Monthly 
Weather  Review, vol. 65, No. 10, Oct. 1937, pp. 364- 
366. 

12. H. Wex1e.r and J. Namias, “Mean  Isentropic Charts 
and  Their  Relation  to  Departures of Summer Rain- 
fall,” Transactions of the American Geophysical 
Union, 19th Annual Meeting, Part I, 1938, pp. 

13. K. E. Smith,  Five-Day  Precipitation Patterns in the 
United States in Relation to Surface and Upper-Air 

Aug. 1939, pp. 294-296. 

NOV. 1933, pp. 321-325. 

164-170. 

Mean  Charts,  Extended Forecast Section, U. S.  
Weather  Bureau, 1941. (Unpublished.) 

14. W. H. Klein and J. S. Winston, The Relation between 
1947 Iowa Summer Rainfall  and Monthly Mean 
Charts,  Extended  Forecast Section, U. S. Weather 
Bureau, 1948. (Unpublished.) 

15. L. L. Means, “The Nocturnal Maximum Occurrence of 
Thunderstorms in  the Midwestern States,” Miscel- 
laneous Report No. 16, University of Chicago, Dept. 
of Meteorology, 1944. 

16. J. L. Clayton, Analyses of Thunderstorms at  Chicago, 
Joliet,  and Minneapolis, University of Chicago and 
U. S. Weather  Bureau cooperative research project, 
1945. (Unpublished.) 

17. H. Mollwo, “Zur Wirkungsweise der Reibung in der 
freien Atmosphare,” Beitrdge zur Physik der freiela 
Atmosphdre, Band 22, Heft 1,  1934, S. 25-45. 

18. V. P. Starr, Personal communication, 1945. 
19. E. Palm&  and  C. W. Newton, “A Study of the Mean 

Wind and  Temperature  Distribution  in  the Vicinity 
of the Polar Front  in Winter,” Journal of Meteor- 

20. I. W. Brunk,  “The  Pressure  Pulsation of 11 April 
1944,” Journal of MeteoPology, vol. 6, No. 3, June 

21. J. R. Fulks,  “The  Instability  Line,” Compendium oj  
Meteorology, American Meteorological Society, 1951, 

ology, V O ~ .  5, NO. 5, Oct. 1948, pp. 220-226. 

1949, pp. 181-187. 

pp. 647-652. 


